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1. 
FBA Translation (New Series) No.81 
PHYSIOLOGY OF NITRATE REDUCTION IN PSEUDOMONAS AERUGINOSA, 
by T.L.Tan 
Z.allg. Mikrobiol. 13, 83-94, 
Translated by L.R.Heller 
Pseudomonas aeruginosa has for some time been known as a denitrifier. 
FEWSON and NICHOLAS (1961) isolated a nitrate reductase from P. aeruginosa, 
which reduced nitrate to nitrite. WALKER and NICHOLAS (1961) likewise 
found in P. aeruginosa a nitrate reductase which yields NO. The denitri-
fying powers of N2O as intermediate or end product are repeatedly being 
reported. According to BARBAREE and PAYNE (1967) P. perfectomarium can 
reduce N2O and nitrate directly to N2. With P. denitrificans, MATSUBARA 
and MORI (1968) found N2O and N2 as end products of nitrate reduction; 
similarly, N2O can be reduced to N2. According to HART et al. (1965), 
MIYATA and MORI (1968) NO is formed in the presence of tetramethyl-p-
phenylendiamine. 
Cell extracts from Micrococcus denitrificans and P. aeruginosa, 
which have been anaerobically cultivated with nitrate, catalyze the nitrate 
reduction to N2 in the presence of tetramethyl-p-phenylendiamine or 
p-amino-N: N-dimethylanilin. One N-atom comes from the amino group, the 
other from nitrite (PICHINOTY et al. 1969). We chose this organism for 
further studies, because P. aeruginosa occurs abundantly in Lake PluB and 
moreover there are contradictory assertions on the gas products of 
denitrification by this bacteria. For comparison, P. aeruginosa, strain 
N.C.I.B. 8704 was selected, which had also been used by FEWSON and NICHOLAS 
(1961) and WALKER and NICHOLAS (1961). 
1) Materials and Methods. 
Culture and preparation of the inoculum: DIFCO Bacto Nutrient Broth (NB) 
+ 0.5% KNO3 and mineral solutions of the following composition (modified 
1) 
cf. also TAN (1970) and TAN and OVERBECK (1973) 
2. 
according to VAN'T, RIET et al. 1968, FEWSON & NICHOLAS 1961) were used: 
a) Nitrate-ammonium-medium: Na2HPO4 - 2H2O 10g, KH2PO4 2g, glucose 4g, 
KNO3 3.59, NH4Cl 2g, MgSO4.7H2O 0.05g. FeSO4.7H2O 0.005g, HOAGLANDS 
A-2- trace element solution (OVERBECK 1965) with addition of 0.05% 
Na molybdate (1.0ml), distilled water to 1000ml. pH 7.4. 
b) Nitrate-medium: NH4Cl is replaced by 2.8g KCl. 
c) Ammonium medium corresponds to nitrate-ammonium-medium without KNO3. 
We filtered glucose and FeSO4 solutions under sterile conditions and added 
them separately. The bacteria were cultivated anaerobically in an atmosphere 
of hydrogen in an Erlenmeyer flask, (after 15 mins perfusion to displace 
the air) at 26 C. As inoculum, the following were respectively used: 
1ml of a 24-hour-old culture in NB + 0.5% KNO3 and 30ml of 72-hour-old 
weakly growing culture in nitrate-ammonium-medium in the same nutrient 
media. After 24 and 72 hours respectively, the cells were centrifuged at 
1000g for 20 minutes, washed 3 times with the phosphate buffer (10g Na2HPO4. 
2H2O and 2g KH2PO4. per litre, pH 7.4 and suspended in the same buffer 
solution. Demonstration of gases by means of gas chromatography: in the 
last few years gaschromatographical methods have frequently been used in 
the analysis of microbially formed gases (BARBAREE and PAYNE 1967, BELL 1968, 
MATSUBARA and MORI 1968). In the denitrification, N2, N2O, NO, C02 and H2 
must have been taken into account. 
For the studies we used the Unigraph-TC type 406 equipment (BECKER, 
Delft) with a conductivity detector, the recording took place with a servogor, 
type RE 512-potential recorder, with integrator (GOERZ Electro, Vienna). 
The test gases were obtained from MESSER-Griesheim (N2, NO, CO2) and 
from the HOECHST dye-works (N2O). 
Hydrogen served as the carrier gas and therefore cannot be taken into 
account in the analysis. For the separation of the gases we used a 
column of the following construction: material for the tubing of the 
column = aluminium, measurements 4000 x 4 x 6 mm, support material Porapak, Q 
grain size 50-80 mesh, The working conditions were: Detector current 
intensity 150 mA, oven temperature 35°C, gas flow of 60ml H2/min, deflection 
field 2mV. The gasflow was ascertained with a soap bubble flow meter 
3. 
Table 1. 
Retention times for the columns "right" and "left" in gas chromatographs. 
Determination of the nitrogen components in the solution: Nitrate 
was reduced to nitrite with hydrazine and copper as catalyst, and 
determined as such. The detection of nitrite took place by a colori-
metric method against N-(1-Naphthyl) ethylendiamine-di-hydrochloride. 
For the determination of the ammonium we used the BERTHELOTSCHE 
reaction. The ammonium was converted with active compounds containing 
chlorine to chloramine, which reacts to indophenol with phenol or one 
of its derivatives (ALBRECHT and OVERBECK 1969). Organically bound 
nitrogen was decomposed with the Technicon-digestor and determined as 
ammonia. 
Method of procedure: The fermentor consisted of a 1-1 ERLENMEYER-
flask with a lateral part for taking samples, which could be closed by 
a rubber stopper, and a ground-in connecting tube with a glass frit and 
lateral attachments for a wadding filter (Fig.1.) A constant stream of 
hydrogen was sent through the whole system by means of a needle-fine 
regulating valve. The gas served on the one hand to displace the air, 
and on the other to remove the resulting gases. The hydrogen passed 
through a wadding filter with a flow speed of 5ml/min., first of all into 
the fermentor, which was in a water-bath at a constant temperature of 
27 ± 0.5°C and connected over a CaCl2 drying tube by means of the 
sample control into the column, where the mixture of gases was 
separated. We used gas-tight VITON-tubing for the preparation. 
The sample control in the gas—chromatograph had a volume of 1ml, 
consequently with every analysis the gases which were formed in 60/5 = 
12 seconds, were taken up. After the gas analysis we took out, in 
sterile conditions, 10 ml of the test solution with a syringe and filtered 
it through a membrane filter of pore diameter 0.6 μm. The membrane 
4. 
filter served in the determination of the dry weight and the filtrate 
frozen for further preparation, for the chemical analysis. 
Before every assay, an analysis of the gas was carried out, to 
test for pollution of the air. If the result was satisfactory, then the 
solutions (glucose, iron sulphate and 1ml of cell suspension) were 
injected. At times it was necessary to use an anti-foam agent. 
Fig. 1. Diagramatic presentation of the assay apparatus. 
Results 
Growth and gas production in NB + 0.35% KNO3 
In assays with growing cultures of strain C31, N2 and N2O were end 
products of the denitrification. The gas production seemed to be dependent 
on the physiological condition of the cells. From the beginning to the 
middle of the log-phase, only N2 was formed, and then N2 and N2O were formed 
together until the degenerative phase, in which the N2O-formation ceased. 
Thereafter, again, only N2 was produced, until the nitrate in the solution 
was used up (Fig. 2.). 
Calculating the integral area by the SIMPSON rule, the following 
quantities for the gas-components resulted. 
5. 
Fig.2. P. aeruginosa, strain C31. Pattern of growth and gas production 
on nutrient broth + 0.35% KNO3; o dry weight, o CO2, x N2, + N2O 
Fig.3. P. aeruginosa, strain N.C.I.B. 8704. Pattern of growth and gas 
production on nutrient broth + 0.35% KNO3; o dry weight, 
o CO2, x N2, + N2O 
6. 
All KNO3 was reduced to N2 and N2O. Nevertheless 13.139 mg N (ca. 2.7%) 
more were found than were started with. The error is probably due to small 
variations in the gas flow and in the evaluation of the chromatogram. 
If one compares the results of strain C31 with those of strain N.C.I.B 
8704, the difference in ratio of N2 to N2O is immediately noticeable. 
Strain C31 forms more N2 than N2O, strain N.C.I.B. 8704 on the other hand, 
more N2O than N2. Here also, the gas production seemed to be dependent on 
the age of the culture. The maximum nitrogen development was with strain 
N.C.I.B. 8704 in the middle of the log-phase, and later attained with 
strain C31. Towards the end of the degenerative phase strain N.C.I.B. 8704 
formed still only N2O, strain C31 on the other hand, still only N2. 
During the whole assay with strain N.C.I.B. 8704 the following quantities 
of gas were produced. 
Also, in this assay there was present a surplus of 16.751 mg N (ca. 3.5%). 
Growth and gas production in NB + 0.5% KNO3 
We have examined the influence of a higher nitrate concentration with 
strain C31 in NB + 0.5% KNO3. (Fig.4). 
The pattern of growth and gas development did not differ from the 
results with 0.35% KNO3. The nitrogen production in the degeneration phase 
only halted here for longer, and the cells did not lyse. 
Fig. 4. P. aeruginosa, strain C31. Pattern of growth and gas production 
on nutrient broth + 0.5% KNO3; o Dry weight, o CO2 x N2, + N2O 
7. 
With a margin of error of 5% in the entire assay system, nitrate 
was not entirely used up, as the following calculations show; 
With 0.5% KNO3, less N2O was formed than in the assay., with 
0.35% KNO3. It is important that 0.5% KNO3 was not fully used up, 
so that in the solution, nitrite, the first intermediate product 
in the nitrate reduction could be identified. 
Fig.5. P. aeruginosa, strain C31. Pattern of growth and gas production 
on nitrate-ammonium medium: o dry weight, o CO2 x N2 
Growth and gas production in nitrate-ammonium medium. 
In order to measure quantitatively the nitrogen components in the 
solution, it is necessary to culture the bacteria in a colourless mineral 
medium, otherwise the intrinsic colour of the NB would impede the 
identification. 
The only denitrification product here was nitrogen. (Fig.5). In 
contrast to the NB medium, no N2O was formed. The evaluation of the 
integral area gave:- N2 =505.871 mg, CO2 = 1060.4l8 mg. Table 2 contains 
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the values of nitrite, nitrate and ammonium. Table 3 shows a balance 
of the nitrogen components at the beginning and end of the assay. The 
organic nitrogen originated from the bacteria cells. In the solution, 
no organic nitrogen was identified. Nitrate was quantitatively used 
up. Ammonium was used by the bacteria for the building of their cell 
substance, and appeared as organically bound nitrogen. 
Contrary to expectation the organisms also formed N2O in the presence 
of N2, if they had formerly been precultured in NB + 0.5% KNO3. (Tab. 4). 
2 
Table 2 
Pseudomonas aeruginosa, strain C31. Nitrite, nitrate and ammonium 
values (Nitrate-ammonium medium). 
Zeit in Std. = Time in hours. 
Table 3 
Pseudomonas aeruginosa. Strain C31. Balance of the nitrogen components 
at the beginning and end of the assay (Nitrate-ammonium medium) 
Versuch = assay, Anfang = Beginning 
.9. 
Table 4 
Pseudomonas aeruginosa, strain C31. Gas production in the nitrate-
ammonium medium, preculutre in nutrient broth + 0.5% KNO3. 
Growth and gas production in the nitrate medium. 
Here also, nitrogen was the only product of denitrification (Fig.6.) 
513.765 mg N2 and 638.8l6 mg CO2 were formed. 
Fig. 6. P. aeruginosa, strain C31. Pattern of growth and gas production 
on nitrate medium; o dry weight o CO2, x N2 
NB. Trockengewicht=dry weight, Gasmenge=quantity of gas, Std. =hours 
Compared with the nitrate-ammonium medium, the following higher nitrite-
concentrations with values up to 73 mg N/l are noticeable. (Tab.5.) 
Table 5 
Pseudomonas aeruginosa, strain C31. Nitrite, nitrate and 
ammonium values (nitrate medium) Zeit in Std. = Time in hours. 
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Table 6 
Pseudomonas aeruginosa, strain C31. Balance of the nitrogen components 
at the beginning and the end of the assay (nitrate medium) 
Table 7 
Pseudomonas aeruginosa, strain C31. Gas production in the nitrate medium, 
preculture in nutrient broth + 0.5% KNO3 
Ammonium was apparently not formed in the medium. The small rise at the 
end of the assay (280 μg N-NH4/l) possibly arose from the dead cells. 
The balance of the nitrogen components is shown in table 6. At the 
end of the assay, ca. 56 Mg N (about 11% more, were found than at the 
beginning. If the cells are cultured in NB + 0.5% KNO3 and are then 
introduced into the nitrate medium, then they also produce N2 and N2O 
here (Tab. 7). The N2O production seems, therefore, to be dependent 
upon the medium of the preculture. There was no growth detectable in 
the ammonium medium under anaerobic conditions (hydrogen atmosphere). 
On the other hand strain C31 grew very well in shaken-culture with 
ammonium as the only source of nitrogen. 
Discussion 
VERHOEVEN and GOOS (1954) carried out experiments with P. aeruginosa 
after preculture in NB + 1% KNO3 in a mineral medium with various 
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glucose and KNO3 concentrations. Their results agree with our 
findings. P. aeruginosa has, however, the ability to utilize N2O 
as a substrate and to further reduce it to N . If this gas is not 
removed from the solution, it can, in part be further reduced to 
nitrogen and thereby influence the results. Our method of assay has 
the advantage that the gases are displaced by the carrier gas (hydrogen) 
from the solution itself and from the atmosphere. VERHOEVEN and 
GOOS (1954) found again within the margin of error of the method, the 
the starting quantities of nitrate quantitatively in the values for 
N2, N2O and org. N. In the nitrate-ammonium medium we likewise 
succeeded in detecting quantitatively in the denitrification products 
the NO3 - nitrogen at the end of the assay, hut not, however, in the 
nitrate-medium (Tab. 3 & 6). The error probably lay in the small 
discrepancies of the gas flow of 5ml/min., which led, in the analysis 
of the mixture of gases, to false results, and later, in the evaluation 
of the integral area, increased the error still further. 
The enzyme nitrite-reductase, which WALKER & NICHOLAS (1.961) 
isolated from P.aeruginosa strain N.C.I.B. 8704, catalysed the 
reduction of the nitrite to nitrogen monoxide. This gas did not 
occur in our studies with the same strain. Indeed, VERHOEVEN (1956) 
with P. aeruginosa and RENNER and BECKER (1970) with Corynebacterium 
nephridii identified NO production but only under unfavourable conditions 
for culture with nitrite as substrate; on the other hand 
neither was any NO produced with nitrate under unfavourable culture 
conditions. Corynebacterium nephridii cannot of course utilize N2O 
as substrate, although this gas arises as the product of the nitrate-
or nitrite reduction. Here, it is probably the end product of the 
denitrification. 
Our experiments with P. aeruginosa lead us to surmise that N and 
N2O are the end products of denitrification, although N2O can possibly 
be further reduced to N2. The combination of the denitrification 
products is dependent upon the physiological state of the cells and the 
condition of the culture. It is probable, that in a mineral medium, 
with glucose as the enzyme, that the reduction of the nitrite to 
nitramid or to imido-nitrite (VERHOEVEN 1952, ALLEN & VAN NIEL 1952, 
KLUYVER and VERHOEVEN 1954, RENNER & BECKER 1970) or catalized to 
another intermediate product, cannot be induced. On the other hand 
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in the NB medium, after a certain time, this enzyme is synthesized. 
Nitramid and imido-nitrite are unstable compounds and decompose to 
N2O and H2O. 
Nitrogen can also come straight from the nitrite, without first 
being reduced (ALLEN & VAN NIEL 1952, SACKS & BARKER 1952). In our 
assays with glucose-mineral media, this path seems to have been 
taken, as here, nitrogen is the only denitrification product. The 
fact that precultured cells also produce N2 and N2O in NB + 0.5% KNO3, 
reinforces this supposition. 
MATSURBA and MORI (1968) established with their studies with 
P. denitrificans, that minimal concentration of cizide, cyanide and 2.4 
dinitrophenol retarded the reduction of nitrous oxide to nitrogen. Nitrite 
is, in this case, reduced only to N2O. This assay shows, that N2O is an 
intermediate product of denitrification by P. denitrificans. Probably 
there are nitrificating microorganisms, which have lost the capacity for 
N2O reduction (eg. Corynebacterium nephridii). 
Another possible origin of the gases N2 and N2O could be the enzymatically 
catalized reaction between nitrite and hydroxylamin (IWASAKI and MORI 
1958, IWASAKI 1960, SUZUKI & MORI 1962, SUZUKI & IWASAKI 1962, IWASAKI et al 
1963). In the presence of H-donor (eg. lactate), nitrogen is formed, 
without H-donors, nitrous oxide. 
P. aeruginosa is in a position to carry out anaerobic respiration 
of nitrate. With ammonia as the only source of nitrogen anaerobic growth 
is possible. The microorganisms can grow well just as easily in a nitrate-
ammonium medium, as in a nitrate medium. It is thus verified that 
P. aeruginosa possesses both enzymes of nitrate reduction, the dissimilatory 
and the assimilatory. 
In our studies with mineral media, glucose is used as the organic source 
of carbon. Already several publications have appeared on the biochemical 
breakdown of glucose by respiration of nitrate (SPANGLER and GILMOUR 1966, 
WIMPENNY & COLE 1967, FORGET 1968, WIMPENNY & WARMSLEY 1968). 
WIMPENNY & WARMSLEY (1968) established by their studies with Aerobacter 
aerogenes, Escherichia coli and P. aeruginosa, that aconitase and fumarase -
two enzymes of cyclic tricarboxylic acid - are inhibited by nitrate and 
nitrite. Nitrite inhibits more than nitrate. The authors state further, 
that Aerobacter aerogenes and Escherichia coli, accumulate high intracellular 
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nitrite concentrations if the bacteria are cultured anaerobically on 
nitrate. No intracellular nitrite accumulation, however, is to be 
observed in P. aeruginosa. Of course the mineral medium contains 
in this case NH4Cl and KNO3. Their findings are in agreement with 
our studies. If, however, P. aeruginosa were to be cultivated in a 
nitrate medium without ammonia, them here also, high nitrate concentrations 
could occur, as our assays have shown. With regard to the glucose 
breakdown in the case of P. aeruginosa, a distinction must presumably be 
made between assimilatory and dissimilatory nitrate reduction. 
If the result of this physiological assay is transferred to the 
ecological conditions of Lake PluB, then the low nitrite quantities are 
above all understandable (TAN 1970), for ammonium ions are always present. 
The activity determinations indicated high nitrite concentrations. The 
explanation for this is, that here also, a mineral solution without 
ammonium can be used. Of course the effect of the minimal ammonium 
quantities of the lake water on the nitrite formation from nitrate 
must be more precisely examined. In any case, it is shown that the 
activity determinations must be interpreted very cautiously, because of 
varying conditions, and cannot be applied forthwith to the lake. 
It is repeatedly becoming clear that ecological observations in the 
field must be based on experimental studies in the laboratory on selected 
bacillicultures. Only then can a complex procedure such as nitrate reduction 
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